The presence of calcium challenges the manganese recovery from manganiferous wastewater. In this paper, a kind of mesoporous material named [H 22 ·Zr 5 ·WO 4 ·10 P 2 O 7 ]n·6n H 2 O is investigated as an ion exchanger to remove calcium ion from manganese slag percolate. The synthesis of zirconium tungstopyrophosphate (ZWPP) was optimized by response surface methodology , and its adsorption capacity and equilibrium were tested. The adsorption data have been confirmed by the use of various techniques such as Fourier transform infrared spectroscopy, scanning electron microscopy and Brunauer, Emmett and Teller. An empirical formula of ZWPP was obtained by X-ray diffraction and thermal analysis. The adsorption process conformed to pseudo-second-order kinetics and the Langmuir isotherm, which described the equilibrium powerfully. Furthermore, different thermodynamic parameters were evaluated. And it was found that Gibbs free energy change is negative, indicating the adsorption process was spontaneous, whereas the enthalpy change and entropy change are positive indicating endothermy and increased randomness nature of the adsorption process. As a result, ZWPP could be a possible ion exchanger material in the area of removing Ca 2þ from processing water or wastewater. 
INTRODUCTION
Recently, the removal technologies for heavy metal ions, toxic and even radioactive ions have developed rapidly and attracted more and more attention. The traditional depuration technologies include precipitation, electrodeposition and various physico-chemical separation/concentration technologies such as adsorption, ion exchanger, solvent extraction, dialysis, and some other membrane techniques (Gorgievski et al. ) . However, both the removal of metal ions from industrial wastewater and the quality of products of metal recovery from industrial wastewater are influenced seriously by the so-called 'calcium barrier'. For example, the heavy metals and minerals can be removed by reverse osmosis (RO) technology from effluent and slug leachate in the electrolysing manganese industry, and Mn is accordingly concentrated and recirculated to production. With the continuous operation manganese ions will be concentrated and so will Ca ions and other minerals. As a result Ca 2þ will form the slightly soluble CaSO 4 with SO 2À 4 coexisting at very high concentration in the system. This will result in channel blocking, thereby affecting the efficiency of filtration (Lin et al. ) . So the aforementioned technologies require preliminary steps to remove calcium from processing water or wastewater. The preliminary step refers to pretreatment for suspended substances (SS) and minerals, which typically includes any techniques to remove SS such as microfiltration, ultrafiltration, nanofiltration and even sand filtration, and any technologies of desalination to remove minerals and hardness ions. A large amount of work has been contributed to water desalination. Generally, desalination technologies are listed in accordance with a separation mechanism based on either thermal or membrane techniques. Taking the manganiferous wastewater as example again, three kinds of effort have been done to deal with the issues related to Ca 2þ . One is to inhibit scaling of CaSO 4 . The polymer scale inhibitors have good performance for scale inhibition, but they will jam the RO membrane and need care in handling and frequent maintenance. Also, most polymeric inhibitors are difficult to biodegrade. Secondly, a large amount of some precipitants such as NaF has been employed to precipitate Ca 2þ at the very beginning of treatment or recovery, followed by filtration of the sediment. But because of extra addition of the agents, complicated operation and maintenance of the system, this will bring about corrosion and other damage to facilities and equipment and finally will not be economically sustainable with a large increase in cost and material consumption. Thirdly, another famous and classic method is cation exchange technology. The exchange resin is a typical exchanger, which is applied for removal of Ca 2þ , Mg 2þ , and other harmful ions (Flodman & Dvorak ) . This technology does not apply to concentrated solutions generally. And the cation exchange resins are broad-spectrum exchangers and usually with poor selectivity. Based on this, our purpose is to synthesize a highefficiency calcium remover. Regarding inorganic ion exchanger materials, due to high radiation stability, high selectivity and exhibited specificity towards certain metal ions, many studies have been done of their synthesis and adsorptive properties. Acidic salts of tetravalent metal ions with a general formula of M(IV) (HXO 4 ) 2 ·nH 2 O (where M represents Zr(IV) (Zonoz et al. ) , Ti(IV) (Nabi & Naushad ), Sn(IV) (Marageh et 
MATERIALS AND METHODS

Reagents and instruments
Aqueous solutions of K 4 P 2 O 7 , ZrOCl 2 , TiCl 4 , Na 2 MoO 4 , Na 2 WO 4 , Na 2 SiO 3 , HCl, NaOH and HNO 3 were prepared by dissolving corresponding reagents in deionized water. All the chemicals and reagents used were of analytical grade.
The pH values of aqueous solutions were monitored by a digital pH meter (pHS-3C Tianjin Shengbang Science Instrument Co., China). Batch experiments were done on the WE-2-type temperature-controlled shaking assembly (Tianjin Ounuo Instrument Co., Ltd, China) and concentrations of Ca ion in solutions were measured by an atomic absorption spectrometer (AAS) (M6 Thermo Electron Co., UK); Fourier transform infrared (FT-IR) spectrometer (Equinox 55, Bruker, Germany); scanning electron microscope (435 VP, Leo, Germany); thermogravimetric analyzer (DSC 4000, PerkinElmer, USA); X-ray diffractometer (D8 ADVANCE, Bruker, Germany) and automatic surface area and porosity analyzer (ASAP 2420 V2.05 I sixport, Micromeritics, USA).
Optimal synthesis of ZWPP
The salt of heteropoly acid was prepared (Zhang et al. ) at room temperature (25 W C). First, 1.0 mol/L potassium pyrophosphate and 1.0 mol/L sodium tungstate were mixed with a certain ratio under a constant stirring. The pH of the mixture was adjusted by hydrochloric acid or sodium hydroxide to the set point for the reaction. A certain amount of zirconium oxychloride (0.1 mol/L, 0.2 mol/L or 0.5 mol/L) was added dropwise into the mixture with continuous and gentle stirring until a white precipitate was no longer generated. Then the pH was readjusted to the set point required by aging. This mixture was allowed to stand for 24 h. Then the precipitates were filtered, washed with deionized water to neutral, and dried at 40 W C. The dry precipitates were cracked into a HNO 3 solution of 0.1 mol/L. ZWPP exchangers were then obtained in H þ form with separation, water rinsing to the neutral and desiccation. The optimal synthesis conditions of ZWPP were obtained by using response surface methodology (RSM). RSM is a statistical method that uses quantitative data from appropriate experiments to determine regression model equations and operating conditions. Using this method can decrease the number of experiments, minimize time required to carry out the experiments, and present the interactions between the important parameters. So it was chosen for experimental design in this study and a statistical optimization was conducted by using central composite design (CCD) with three factors and three levels. The ranges of selected parameters were determined via preliminary experiments based on the open literature (Zhang et al. ) , where molar ratio was 2.5:1:10-7.5:1:10, the reaction pH was 2.5-3.5 and the aging pH was 0.6-1.6. The mixture solution was agitated at desired speed for 24 h in a shaker at room temperature according to RSM design. The analysis of variance (ANOVA) was applied in order to ensure a desirable model. The quality of the quadratic polynomial model fit was expressed by the coefficient of determination (R 2 ), which is a key output of regression analyses. Statistical analyses such as F-test and P-value at 95% confidence level were used to assess the data. Equilibrium amounts (q e ) and the maximum amounts (q m ) of calcium were used to calculate the adsorptive capacity of ZWPP. So the dependant variable evaluation for the adsorbent was the equilibrium ion exchanger capacity (q e ) and maximal ion exchanger capacity (q m ), both expressed in mg/g. We investigated the exchange capacity by static equilibrium method. The experimental data were analyzed and compared with the predicted ones by statistical software Design-Expert to obtain the optimal synthesis conditions. Maximal (q m ) and equilibrated (q e ) ion exchanger capacities
The ion exchanger capacity is one of the most important properties of an exchanger, as exchange capacity measurements provide a simple and direct way of characterizing an ion exchanger sample. The static equilibrium method was as follows. The experiments were performed with 1 g ZWPP in an aqueous solution of 100 mL. A constant agitation was maintained by a temperature-controlled shaking assembly for better mass transfer with high interfacial area of contact. When the adsorption reaction reached equilibrium after 12 h, the adsorbents were separated from the solution and reused for another 12-h adsorption with a fresh Ca 2þ solution of 100 mL. The above experiment was repeated until the concentration of Ca 2þ remained the same before and after the adsorption of 12 h. The concentrations of the residual ions in the elution were determined by AAS. The efficiency of an ion exchanger can be calculated by maximal ion exchange capacity (q m ) using the following formula (Equation (1)) (Zhong et al. ) :
where C 0 and C e are the initial and final contents (mg/L) of calcium in solution for each adsorption; V is the initial volume (L) of ion solution taken for analysis; W is the initial dry mass (g) of ion exchanger taken for analysis; n is the number of experiments and when n is 1, the formula can be presented as equilibrated ion exchanger capacity (q e ) (Halis et al. ) (Equation (2)).
For the kinetic study of calcium removal by ZWPP, the contact time was set as 20 min to 720 min to determine the optimal equilibrium time in an initial calcium concentration of 300 mg/L and an adsorption temperature of 30 W C. Moreover, to study the adsorption isotherm, the effect of initial concentration of calcium was tested by varying the calcium concentration between 50 and 500 mg/L and contacting for 10 h at different temperature (30-50 W C).
Characterization of ZWPP
FT-IR was used to confirm the structure before and after adsorption of ZWPP. Powder X-ray diffraction (XRD) pattern of ZWPP sample was performed with nickel filtered Cu-K α radiation. The thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were conducted in the temperature interval of 40-1,000 W C under air at a heating rate of 10 W C/min. The morphologies were observed by a scanning electron microscopy (SEM) at 40 kV. The Brunauer, Emmett and Teller (BET) surface areas, porosities, and adsorption isotherm curves of adsorption and desorption were obtained by the automatic surface area and porosity analyzer.
RESULTS AND DISCUSSION
Determination of optimal synthesis conditions
As presented in Table 1 , three independent variables (molar ratio, reaction pH and aging pH) were assigned into three levels. Twenty experiments for the optimization were performed according to the CCD and their responses are presented in Table 1 . To find the most important effects and interactions, ANOVA was carried out ( Table 2 ). The p-value less than 0.05 in the ANOVA table indicates the statistical significance of an effect at 95% confidence level. F-values (7.03, 6.92) were used to estimate the statistical significance of all terms in the polynomial equation within 95% confidence interval. Good correlation between the predicted values and experimental results shows that the designs are properly fitted, considering the determination coefficient (R 2 ¼ 0.8635 and 0.8617). The polynomial regression equations were developed to analyze factor interactions by identifying the significant factors and to determine the optimal values. The model equations are shown in Equation (3) and Equation (4). The experimental and expected results obtained from statistical analysis are shown in Table 1 .
where A is the molar ratio of materials, B is the reaction pH and C is aging pH; Y(q e ) and Y(q m ) are the predicted equilibrium and saturated exchange capacities, respectively. From the results obtained from the statistical analysis with RSM, the equilibrium and maximal ion exchanger capacity were obtained and the optimal parameters were concluded: the molar ratio (Zr:W:PP) is 4.12:1.00:10.00, reaction pH is 2.75 and aging pH is 1.60. ZWPP was synthesized for several times to verify the dependability of the optimal conditions. The equilibrated and maximal ion exchanger capacities were averaged as 13.6708 mg/g and 34.0079 mg/g, respectively, which basically accorded with the model predicted value of 12.9737 mg/g and 32.7422 mg/g. Zhang et al. () reported that ZWPP was obtained to adsorb Ca 2þ and the experimental data showed that ZWPP had a certain capacity to adsorb calcium with q e and q m of 12.54 mg/g and 24.99 mg/g. This indicates that the optimized ZWPP has much better adsorption properties than un-optimized.
FT-IR analysis
The FT-IR spectra of ZWPP adsorbent before and after adsorption of calcium are presented in Figure 1 . The peaks at 3,400 cm À1 and 2,900 cm À1 are assigned to the symmetric and antisymmetrical stretching vibrations of water molecule with hydrogen bonding (Zhang et al. ) . The peak at 1,650 cm À1 is due to adsorbed water. The strong and broad band at 1,000-1,100 cm À1 is due to the bending vibration of 
XRD analysis and empirical formula of the ion exchanger
The XRD patterns of ZWPP before and after calcium adsorption, presented in Figure 2 , are almost the same. It indicates the prepared ion exchanger has microcrystalline structure and, after being exchanged with calcium, its structure was maintained. Figure 3 shows the TGA-DSC result of ZWPP. The weight loss before 220 W C is assignable to the desorption of free water and the adsorbed water (Figure 3(a) ), suggesting that ZWPP has a high thermal stability up to 220 W C. This can also be observed in the ZWPP DTG 
SEM analysis
In order to understand the surface structure of the adsorbent (ZWPP), SEM has been used to observe the surface images of ZWPPs before and after adsorption. The SEM photographs (Figure 4) show the rough and rumpled surfaces and porous structures of the particles, which suggests that the structure of ZWPP is not destroyed during adsorption. Nevertheless, ZWPP becomes compact and dense with smaller porosity, contributing to the coverage of calcium ions after adsorption, whereas it is loose and open before. It can be found that the material is composed of particles of nano dimension and displays special porous structures. And the analogous particles have a size distribution between 200 and 300 nm, presented in Figure 5 , calculated using the software named Nano Measurer.
BET analysis
The specific surface areas of ZWPP were calculated before and after adsorption and the data are presented in Table 3 . It can be found that the surface area increases while the pore diameter decreases through the adsorption for calcium. There are two possible explanations to account for the increase in the number of small pores after adsorption: on the one hand, the radius of Ca 2þ is bigger than H þ , when the hydrogen ions were substituted for calcium ions, making the aperture decrease and the number of small pores increase accordingly. On the other hand, thermogram analysis results showed that the content of water in ZWPP is 16.0576%, including free Kinetic study
The effect of contact time between ZWPP and calcium solution was studied, varying from 20 min to 600 min, and initial concentration was 300 mg/L (Figure 8(a) ). It was observed that ZWPP had a rapid exchange rate. The equilibrium adsorption of calcium by ZWPP was about 13 mg/g and the adsorption mainly happened in the first 2 h, nearly reaching 10 mg/g. The other set of experimental data showed the change of pH over contact time (Figure 8(b) ), which occurred with the increase of calcium ion in solution.
It was considered that the adsorption of calcium ions on ZWPP was ion exchanger mechanism and the interchangeable ions were H þ on ZWPP and Ca 2þ in aqueous solution.
Since the concentration of calcium ion was at a high level and decreased as the reaction progressed, the exchange reaction happened rapidly at the initial stage. The ion exchanger reaction is represented as:
Pseudo-first-order and pseudo-second-order adsorption kinetic models were used to determine the experimental data for removal of calcium. The pseudo-first-order adsorption kinetic model is given as Equation (5) (Liu & Liu ) and pseudo-second-order adsorption kinetic model is given as Equation (6) log(q e À q t ) ¼ log q e À k 1 t=2:303 (5)
where q e and q t are the amounts of calcium adsorbed per unit mass of the adsorbent at equilibrium time and time t, respectively, expressed in mg/g; k 1 and k 2 are the values of rate constants, expressed in min À1 and g·mg
, respectively. The values of log(q e À q t ) and t/q t were correlated with time and are presented in Figure 9 (a) and 9(b), respectively. The rate constants and correlation coefficients of the two models are given in Table 4 . The pseudo-second-order kinetics shows good correlation for the calcium absorption at experimental conditions as the linearity of plots indicates the applicability of the model. It is observed that the pseudo-second-order plot has better coefficient of correlation (R 2 ¼ 0.9976) than the pseudofirst-order plot (R 2 ¼ 0.9332) and the predicted value of q e using the pseudo-second-order model (13.1787 mg/g) is very close to experimental data (13.0027 mg/g), which suggests that the sorption of ZWPP to calcium is a pseudo-second-order model rather than a first order reaction. It is assumed that the rate-limiting step may be the chemical sorption in experimental conditions (Gil et al. ) .
The Weber and Morris model was used to indicate whether intraparticle diffusion is the rate-determining step in the calcium sorption onto ZWPP. The Weber and Morris model is given as Equation (7):
where q t is the uploading of calcium in time t, expressed in mg/g; t 0.5 is the square root of the time and k d is the rate constant of intraparticle diffusion at the initial feed concentration of 300 mg/L, expressed in mg·g À1 ·min À0.5 . These values were calculated from the kinetic plots ( Figure 10 ) and a linear correlation indicated the intraparticle diffusion may be the ratelimiting step and solute ions presumably diffuse within the pores and capillaries of the media and available sites for adsorption (Sujana & Mohanty ) . This showed that the intraparticle model fits the data plots poorly with a low Table 4 ). The curve shows two stages, indicating varying extent of adsorption and in the initial stage adsorption may be boundary layer diffusion and in the later stage it is the intraparticle diffusion (for plots present a linear correlation). A non-zero intercept indicated that the intraparticle diffusion is not the only rate controlling step (Gupta & Bhattacharyya ) , and the adsorption process is considered complex.
Isotherm data analysis
The Langmuir isotherm model indicates that adsorption happens at specific homogeneous sites within the adsorbent and there is no interaction with the adsorbate molecules (Zhang et al. ) . The Langmuir isotherm model of calcium adsorption is given as Equations (8) and (9):
where c e is the equilibrium concentration of calcium (mg/L); q e is the equilibrium amounts of calcium adsorbed by adsorbent (mg/g); q m and k are the isotherm constants (L/mg) related to the maximal adsorption capacity and the energy of adsorption, respectively. It is concluded from Figure 11 (Table 5 ), respectively. And Table 4 | Rate constants and correlation coefficients for three kinetic models
Kinetic models
Pseudo-first-order q e (mg/g) 12.9431
Pseudo-second-order q e (mg/g) 13.1787 this fitness of the data onto the Langmuir model implies that monolayer adsorption took place without any interaction between the adsorbed ions. It can be concluded that the adsorption of calcium on ZWPP is certainly an ion exchanger process and happens at specific homogeneous sites within the ion exchanger. The Freundlich (Meitei & Prasad ) adsorption isotherm model is given as Equation (10):
where k f and n are isotherm constants presenting the adsorbent capacity and adsorption intensity, respectively. The values of k f and n were determined to be 4.2729 and 3.7998 (Figure 11(b) and Table 5 ), respectively. Since the value of n in between 1 and 10, it indicates that the calcium adsorption onto ZWPP is a beneficial adsorption (Rodríguez Iznaga et al. ). However, the experimental q e and lower R 2 indicate that the Freundlich model was not so adequate to describe the equilibrium of ion exchanger over the surface of ZWPP with Ca 2þ in the solution. In a word, the Langmuir isotherm explains the adsorption equilibrium better than the Freundlich isotherm.
Thermodynamic analysis
Thermodynamic parameters such as free energy change or adsorption energy (Δg 0 ), enthalpy change (Δh 0 ) and entropy change (Δs 0 ), obtained from the Langmuir study, can be evaluated by the Equations (11)- (14):
where k is the Langmuir equilibrium constant (L/mol), R is the molar gas constant (J/(mol À1 ·K) and T is the temperature (K).
Substituting Equation (11) into Equation (12) yields
The q e against c e curve (Figure 12 ) shows the effect of temperature on the isotherm study during the adsorption of Tables 6 and 7 , respectively. The reasons for this phenomenon may be that the adsorption process is essentially an adsorption and desorption interaction process. When the initial calcium concentration is below 300 mg/L, the coverage of calcium ion over ZWPP surface is rather low and both the interaction of Ca 2þ and active sites of interface and the interaction of interface and bulk solution are rather strong, and then it is easier for Ca 2þ to transfer within active sites over the interface and even to move through the interface and solution. So the rate of desorption increases with increase in temperature. The thermodynamic parameter ΔG 0 is obtained by Equation (11) and presented also in Table 6 Entropy changes (ΔS 0 ) are obtained from Equation (14) as positive values (0.1498 and 0.1868 kJ/(mol·K)) at temperature 30 W C, which suggest the increased randomness during adsorption and the probability of a favorable adsorption.
Selectivity in a real manganiferous wastewater system
In order to prove the ZWPP is specific to Ca 2þ in manganiferous wastewater, Mg 2þ or Mn 2þ was chosen as the competitive ion in a simulated wastewater which had all the same major components, but different minor and trace constituents, as the real manganiferous wastewater from an industrial entity in Sichuang Province of China. Then the ZWPP was used in the real manganiferous wastewater the real manganiferous wastewater (the major components of manganiferous wastewater are shown in Table 8 (Zhang et al. )). Adsorbent concentration was kept constant at 0.5000 g in 50 mL solution at room temperature. After adsorption, the concentrations of the ions residual in the elution were determined by AAS. Two kind of zeolites were tested under the same conditions as for ZWPP: 13X is dedicated to Ca and 5A is an ordinary adsorbent. As a general rule, the distribution coefficient K d reflects the adsorption effect of target ion and the higher coefficient means the better selectivity. The selective parameters of Ca(II) with corresponding competitive ions were calculated as follows:
However, the selectivity to target ion X 1 will be affected by the coexisting ions in manganiferous wastewater and this effectiveness could be characterized by the selectivity coefficient α(K d (X 1 )/K d (X 2 )). In fact, almost parallel or identical results were observed for the simulated solution and real wastewater. The distribution coefficients K d and selectivity coefficients α from the real wastewater are shown in Table 9 . The results showed ZWPP has a higher distribution coefficient compared with the molecular sieves. Even though the selectivity coefficient of ZWPP looks worse than the 
CONCLUSION
RSM has been used to find the optimal conditions for ZWPP synthesis, since the conditions of the synthesis process affect the crystalline structure and surface morphology of the heteropoly acid adsorbent. Based on the present study, it is concluded that ZWPP has good performance as calcium adsorbent with the equilibrated and maximal ion exchanger capacities of 19.6708 mg/g and 38.0079 mg/g, respectively. Kinetics and isotherm studies have been done to determine the adsorption mechanism. The adsorption of calcium on ZWPP was rapid and data fitted the pseudo-second-order model well. It is concluded that the adsorption of calcium on ZWPP follows ion exchanger and chemisorption mechanisms. Moreover, intraparticle diffusion provided good fitting to the experimental data, which indicated the intraparticle diffusion of calcium had a significant role in the initial adsorption stage, and chemisorption is not the only rate controlling step. The isotherm study shows the interchange between Ca 2þ and H þ happens on specific homogeneous sites within the ion exchanger and thermodynamic analysis indicates that the adsorption process is spontaneous and endothermic. In the selectivity experiment, ZWPP reflects an excellent Ca removal capacity and high selectivity in manganiferous wastewater. In summary, ZWPP should probably be a promising exchange material and its application in dealing with Ca 2þ from recycling of manganese wastewater and even metallurgical industrial wastewater is a potential technology.
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